The UN medium population projection is an unstable equilibrium
Peer-reviewed letter Recent projections suggest that the global human population will reach a stable size of ~10 billion by the end of the 21st century (Lutz et al. 2001; UN 2011) . These projections assume that people in all countries will pass through the "demographic transition", a pattern by which mortality and fertility decline with economic development, leading to high population growth during the transition but zero growth afterwards (Lee 2011) .
The prediction of sigmoidal ("S"-shaped) population growth gives the impression that the global population is approaching its carrying capacity, which is to say a stable equilibrium. But the United Nations (UN) projections consider neither the underlying dynamics of population growth nor demographic covariates such as resource constraints (Cohen 2003; Lee 2011) , which prevents a stability analysis of the projections. Despite this, a population of ~10 billion is generally taken as an expectation around which social, economic, and environmental planning can be developed. We analyzed a model of the global human population and found that (1) the projected leveling-off is an unstable equilibrium and (2) the global population has been diverging from this equilibrium for decades, challenging the UN's medium forecast.
In a dynamic population model, equilibria occur wherever the absolute change in population size over time (dn/dt) equals zero. If an equilibrium is unstable, perturbations away from the equilibrium are amplified, but if it is stable the population returns to its equilibrium. For any model that predicts an equilibrium, its stability can be determined by the slope of dn/dt with respect to population size n at the equilibrium: it is stable if the slope is negative and unstable if positive. Our previous work indicated that the UN projection can be achieved if sufficient energy inputs to the global economy are made (DeLong et al. 2010) . Our modelwhich makes population growth rate a function of per-capita energy use as
where a and b are fitted parameters and E is the global energy supplysuggests that the population will stop growing once each person has access to ~13 000 watts (W) per capita ( Figure 1a ). At the equilibrium population size
the slope of dn/dt is -a; because a is always negative (growth rate declines with per-capita energy use and development; Figure 1a ), the slope is positive and the equilibrium is unstable for all levels of E. We also numerically analyzed the stability of the model under various potential energy and population scenarios, because the size of future energy supplies and the link between energy availability and population size are both unknown. Under a wide range of combinations of E and n, dn/dt increases with population size at the equilibrium, making it unstable (Figure 1b) . The equation for n, with E in the numerator, also shows that global energy supplies do help to determine what the (unstable) equilibrium population size will be. The unstable nature of the equilibrium indicates that we cannot expect the global population to stabilize at 10 billion on its own; energy is required to "push" it toward this equilibrium state. Declines in energy availability or increases in population size will tend to push the population away from the equilibrium, and changes in both of these directions are already happening. Indeed, the observed population size and global energy availability trajectory for 1960 through 2005 is moving away from, not toward, the equilibrium, as percapita energy supplies have not kept pace with population growth ( Figure  1b , dashed white line; Nel and van Zyl 2010) . This trajectory is well-predicted by our model given known energy supplies and population sizes (Figure 1b, black line) .
The unstable equilibrium at 13 000 W is a high-energy equilibrium (DeLong et al. 2010) . It only occurs when humans have access to high levels of industrial energy that support high levels of economic development (Brown et al. 2011) . This dependence of growth rate on energy in humans is opposite that of other populations in nature, for which stable equilibria occur when energy levels are low enough to make death rates equal birth rates (DeLong and Hanson 2009 and Moav 2001) . Global human population dynamics are tightly linked to the demographic transition (Lee 2011) , which remains an unsolved life-history problem (Burger et al. 2011) . Some researchers argue that a quantity-quality trade-off drives declining fertility to offset increasing per-child costs (Becker and Lewis 1973) , but whatever the explanation, recognizing that the vital rates of modern humans are responsive to environmental inputs and not just functions of time is crucial for predicting future population growth. Also, the relationship between energy use and demographic rates may not be fixed (Myrskyla et al. 2009) , so understanding how cultural, economic, political, and historical forces could alter the relationship is important because it determines the location of the equilibrium. Rapid changes in the availability of energy, such as the loss of key flows of fossil fuels or the development of alternative energy sources, could potentially alter population growth rates, but the time scale of the response to such changes will be unknown as long as the demographic transition remains unexplained.
There is growing concern that either too many or too few people could jeopardize the stability and prosperity of humanity, but it is unknown when and at what size the human population will stop growing. Yet sustainability requires a stable population, because energy and other resource demands increase with population size. Understanding human population dynamics is thus crucial for planning a sustainable future. With their wealth of experience in population ecology, ecologists can and should play a larger role in expanding our understanding of human population dynamics, but to date have mostly ignored such dynamics in their research. Current research emphasizes uncertainty in extrapolations rather than underlying mechanisms, and this must change. If ecologists began to include mechanistic models of the global population into studies on ecosystem services, climate change, and environmental management, we might develop a better sense of what lies ahead. John P DeLong 1* † , Oskar Burger
